Abstract GroEL recognizes proteins that are folding improperly or that have aggregation-prone intermediates. Here we have used as substrates for GroEL, wildtype (WT) coat protein of phage P22 and 3 coat proteins that carry single amino acid substitutions leading to a temperature-sensitive folding (tsf) phenotype. In vivo, WT coat protein does not require GroEL for proper folding, whereas GroEL is necessary for the folding of the tsf coat proteins; thus, the single amino acid substitutions cause coat protein to become a substrate for GroEL. The conformation of WT and tsf coat proteins when in a binary complex with GroEL was investigated using tryptophan fluorescence, quenching of fluorescence, and accessibility of the coat proteins to proteolysis. WT coat protein and the tsf coat protein mutants were each found to be in a different conformation when bound to GroEL. As an additional measure of the changes in the bound conformation, the affinity of binding of WT and tsf coat proteins to GroEL was determined using a fluorescence binding assay. The tsf coat proteins were bound more tightly by GroEL than WT coat protein. Therefore, even though the proteins are identical except for a single amino acid substitution, GroEL did not bind these substrate polypeptides in the same conformation within its central cavity. Therefore, GroEL is likely to bind coat protein in a conformation consistent with a late folding intermediate, with substantial secondary and tertiary structure formed.
INTRODUCTION
The primary amino acid sequence encodes for both the folding and the 3-dimensional structure of a protein (Anfinsen 1973) . However, for many proteins folding in vivo requires facilitation by folding accessory proteins to avoid irreversible aggregation (Fenton and Horwich 1997) . In bacteria, the major folding assistants are the complex of GroEL, an ATPase, and GroES. The crystal structures for both GroEL and the GroEL:GroES:ADP 7 complex have been solved (Braig et al 1994; Xu et al 1997) . GroEL is a homotetradecamer arranged in 2 heptameric rings constructed from 57-kDa monomeric units, and GroES consists of a single heptameric ring of 10-kDa subunits. The central cavity of GroEL is lined with hydrophobic residues that have been identified as the peptide binding site. When GroES and ATP bind to the ring of GroEL that contains the bound substrate polypeptide, there is a conformational change that buries the hydrophobic amino acids and exposes hydrophilic residues in the central cavity of GroEL (Xu et al 1997) . However, the exact mechanism by which GroEL and GroES function in the folding of a substrate protein remains controversial and may be dependent on the polypeptide substrate (Fisher 1998) .
The interactions between the bound polypeptide and GroEL has been the subject of several studies. Both hydrophobic and ionic interactions have been implicated in the binding of substrate polypeptides to GroEL (Zahn et al 1994; Perrett et al 1997; Brazil et al 1998) . GroEL has been shown to bind to substrates in a conformation with ordered secondary structure or in an extended conformation (Landry and Gierasch 1991; Schmidt and Buchner 1992; Buckle et al 1997) . Moreover, GroEL has been observed to bind to molten globule intermediates, as well as late folding intermediates (Martin et al 1991; HayerHartl et al 1994; Katsumata et al 1996; Goldberg et al 1997) .
In addition to the studies described above that investigated the conformation of a particular bound substrate polypeptide, comparisons between homologous proteins derived from different species or from different cellular compartments have been used in order to understand how GroEL recognizes and binds substrate polypeptides (Staniforth et al 1994; Mattingly et al 1995 Mattingly et al , 1998 Clark et al 1996; Ellis and Hartl 1996; Frieden 1997, 1999) . The difficulty presented by these studies is that the proteins are only about 30-50% similar in primary sequence. Thus, variation seen in the interaction of the substrate polypeptide with GroEL, either through changes in the conformation of the bound substrate polypeptides or in the affinity of binding, may be due to these substantial differences in the primary sequence of the proteins investigated and not in the manner that GroEL has bound the polypeptides.
The binding by GroEL of substrate polypeptides with single amino acid substitutions has been compared to the binding of the corresponding wildtype (WT) polypeptide. GroEL has been shown to bind preferentially to substrates with a hydrophobic or positively charged amino acid introduced into the sequence from studies using mutants of barley chymotrypsin inhibitor as a substrate (Itzhaki et al 1995) . Interaction with single point mutants of yeast citrate synthase indicated GroEL favored binding to mutants that were thermodynamically less stable than WT citrate synthase (Zahn et al 1996) . Conversely, single amino acid substitutions in barnase did not significantly change the energetics of its interaction with GroEL; however, barnase does not form a stable complex with GroEL (Gray and Fersht 1993; Corrales and Fersht 1995) . Thus, we can conclude from these studies that the interaction of a substrate polypeptide with GroEL may be particular both to the reaction conditions and to the substrate.
Here we have investigated the interaction of the coat protein of bacteriophage P22 and GroEL. Coat protein is a 47-kDa protein comprised of 430 amino acids (Eppler et al 1991) . Eighteen amino acid substitutions at 17 sites throughout the sequence of P22 coat protein have been identified that cause production of phage to be temperature sensitive (Gordon and King 1993) . In vivo, these temperature-sensitive folding (tsf) mutants exhibit a sharply reduced yield of soluble coat protein at the nonpermissive temperature. The newly synthesized tsf coat proteins are instead found in inclusion bodies (Gordon and King 1993) . Overexpression of GroEL and GroES has been shown to prevent the aggregation of all 18 tsf mutants at nonpermissive temperatures, while having no effect on the folding or aggregation of WT coat protein (Gordon et al 1994; Nakonechny and Teschke 1998) . The requirement for increased concentrations of GroEL to facilitate the folding of the tsf coat protein mutants in vivo would suggest that the single amino acid substitutions alter the folding of coat protein, thereby causing the tsf mutant proteins to become substrates for GroEL. In addition, phage with tsf coat protein substitutions when grown on cells containing mutated GroEL or GroES are unable to form viable progeny at significantly lower temperatures than when grown on cells with WT GroEL/S. Phage carrying WT coat protein are not affected by mutated GroEL or GroES (Nakonechny and Teschke 1998) . Again, these data indicate that the tsf substitutions lead coat protein to become a substrate of GroEL/S.
The phenotype of the tsf coat protein mutants can be replicated in in vitro folding experiments (Teschke 1999 ). An assembly-competent state of the tsf coat protein is attained when the purified proteins are refolded from denaturant at temperatures from 4 to 20ЊC. However, if the proteins are refolded at temperatures from 30 to 36ЊC, the tsf coat proteins aggregate. The tsf coat proteins that are first folded at low temperature and then shifted to high temperature also aggregate. WT coat protein is resistant to aggregation during folding, or once folded, at all temperatures tested. The secondary and tertiary structures of the tsf mutant proteins are altered as compared to WT coat protein. In addition, the tsf coat proteins bind more of the hydrophobic dye, bisANS, than does WT coat protein (Teschke 1999) . Thus, the single amino acid substitutions that give rise to the tsf phenotype have substantial effects on the folded state of coat protein.
Recent experiments have shown that the tsf coat proteins fold from denaturant at the same rate as WT coat protein; rather, the unfolding rate was changed by the tsf amino acid substitutions (C.M.T., unpublished results). Thus, the binding of coat protein to GroEL is unlikely to be controlled by the kinetics of folding. Because the single amino acid substitutions of the tsf coat proteins cause them to fold into different final conformations in vitro without affecting the rate of folding, we investigated whether the conformation of WT and tsf coat proteins bound by GroEL would be the same, indicating that the interaction occurred by binding an early folding intermediate or reflect the differences that were observed in the folded state that would suggest that GroEL binds coat protein as a late folding intermediate.
MATERIALS AND METHODS

Chemicals
Ultrapure guanidine hydrochloride (GuHCl) and urea were purchased from ICN (Costa Mesa, CA, USA). BisANS was purchased from Molecular Probes (Eugene, OR, USA). Lyophilized proteases on beads were obtained from Sigma (St. Louis, MO, USA). All other chemicals were reagent grade from common sources.
Buffers
The buffer used in all of the experiments was phosphate buffer (20 mM NaPO 4 , pH 7.6, 10 mM KCl). Tris-based buffers were used during purification where noted.
Purification of coat proteins
The tsf coat proteins used were obtained from empty procapsid shell stocks that were prepared as previously described (Prevelige et al 1988; Galisteo et al 1995; Teschke 1999) .
Purification of GroEL/S
Escherichia coli XL1-Blue cells from Stratagene (La Jolla, CA, USA) containing the plasmid pSigE that carries the GroEL/S operon in pSE380 (Stratagene) were grown at 37ЊC to a concentration of 4 ϫ 10 8 cells/mL. GroEL/S overproduction was induced by the addition of isopropyl-D-thiogalactopyranoside to a final concentration of 0.6 mM. After incubation overnight, the cultures were spun briefly in a GSA rotor at 10 000 rpm to pellet the cells. The cells were washed twice in 0.1 M Tris base, pH 7.6, with HCl and then suspended at a concentration of 2.5 ϫ 10 10 cells/mL in the same buffer with 0.3 M sucrose and 12.5 mM ethylenediaminetetraacetic acid (EDTA). Spheroplasts were produced by the addition of lysozyme to a final concentration of 200 g/mL, then incubated on ice for 30 minutes with periodic gentle shaking. The spheroplasts were stabilized by the addition of MgCl 2 to a final concentration of 15 mM, pelleted, suspended in phosphate buffer with 1 mM phenylmethylsulfonylfluoride, and frozen overnight at Ϫ80ЊC (Hazelbauer and Harayama 1979) . The thawed, lysed spheroplasts were incubated at 37ЊC for 30 minutes with 20 g/mL RNase followed by incubation in 5 mM MgCl 2 and 20 g/mL DNase for an additional 30 minutes. The processed lysates were centrifuged to remove debris and stored at Ϫ80ЊC.
After lysis, the GroEL purification was done similarly to the protocols described by Staniforth et al (1994) and Clark et al (1996) . Briefly, the cell lysate was run over a Q-Sepharose fast flow ion-exchange column (Pharmacia LKB, Piscataway, NJ, USA), equilibrated with 50 mM Tris base, 25 mM NaCl, 2 mM EDTA, pH 7.6, with HCl. Proteins were eluted from the column using a linear 0-0.75 M NaCl gradient in the same buffer. Fractions containing GroEL were identified by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), pooled, and precipitated with 70% (NH 4 ) 2 SO 4 at 4ЊC. The precipitant was suspended in a small volume of the column buffer containing 10 mM MgCl 2 and 1 mM ATP, run over a Sephacryl S-300 column (Pharmacia LKB), and fractions containing GroEL were pooled and precipitated with 70% (NH 4 ) 2 SO 4 at 4ЊC. The precipitant was suspended in phosphate buffer and dialyzed against phosphate buffer containing 0.5 mg/mL acid-washed charcoal to remove nucleotides and residual (NH 4 ) 2 SO 4 . To eliminate contaminating peptides, the GroEL was run over a Reactive Red 120 agarose affinity column (Pharmacia LKB) equilibrated with phosphate buffer. Fractions containing GroEL were identified, pooled, and concentrated in a CentriPrep50 from Millipore (Bedford, MA, USA). Glycerol was added to the buffer to a final concentration of 10%, and aliquots were stored at Ϫ80ЊC. Just prior to use, aliquots were thawed and the GroEL concentration was determined using the bicinchoninic acid protein assay from Pierce (New York, NY, USA).
Refolding of coat protein
Empty procapsid shells were unfolded by incubation in 6.75 M urea. After the shells were incubated for 30 minutes at room temperature, a time sufficient for complete dissociation of the shells and unfolding of the coat protein subunits (data not shown), refolding was initiated by rapidly diluting the urea 20-fold with phosphate buffer. The unfolded coat protein concentrations were 7.5 mg/mL or 2 mg/mL, and the final concentrations of refolded coat protein were 0.735 mg/mL or 0.1 mg/mL in 0.338 M urea.
Formation of GroEL coat protein complexes
Aliquots of unfolded coat protein were rapidly diluted with phosphate buffer containing GroEL at various molar ratios from 1:4 to 4:1 GroEL 14-mer:coat protein as detailed in each experiment.
Sucrose gradients
Refolded coat protein at a concentration of 100 g/mL alone or with a 1:1 molar ratio of GroEL 14-mer was run on a 2-mL, 5-20% linear sucrose gradient that was constructed using a Gradient Master model 106 from Biocomp Instruments (Fredericton, NB, Canada). The gradients were centrifuged using an RP55-S rotor in a Sorvall RC M120EX for 90 minutes at 23ЊC at 166 991 ϫ g (Sorvall, Newton, CT, USA). Aliquots of 200 L fractionated from the top with a positive displacement pipetman were run on a 9% SDS polyacrylamide gel. The bands were visualized with Coomassie blue and the coat protein bands were quantified using the Kodak Digital Science Electrophoresis Documentation and Analysis System.
Tryptophan fluorescence
Fluorescence spectra of refolded coat protein complexed with GroEL were taken with an SLM Aminco-Bowman 2 spectrofluorometer thermostatted at 23ЊC. The excitation wavelength was set at 295 nm, the emission was monitored from 310 nm to 400 nm, and the band passes were set to 4 nm. Data were corrected for tyrosine fluorescence from GroEL. Below 0.3 M of GroEL 14-mer, no light scattering was observed. There was a linear relationship between GroEL concentration and light scattering when the GroEL 14-mer concentrations were equal to or above 0.3 M. Therefore, data collected using GroEL 14-mer concentrations above 0.3 M were corrected for changes in intensity caused by light scattering.
Fluorescence quenching experiments
GroEL:coat protein complexes were diluted 1:10 with phosphate buffer containing up to 0.3 M acrylamide. Samples were incubated for 15 minutes, and fluorescence was measured as described above. The fluorescence intensity corrected for inner filter effect due to the acrylamide was approximated from the equation (F corr ϭ F obs antilog[OD 295 ϩ OD 340 /2]). The quenching data were analyzed using the Stern-Volmer equation using the plot F 0 / F vs Q where F 0 is the fluorescence in the absence of quencher, and F is the fluorescence of the sample in the presence of the quencher, Q (Lehrer 1971; Lakowicz 1983 ).
Analysis of binding
Coat protein binding to GroEL was analyzed using a double titration method with the fluorescence excitation wavelength at 295 nm and the emission wavelength at 340 nm (Secnik et al 1992; Shi et al 1994; Teschke 1999) . Titrations were performed in phosphate buffer at 23ЊC. Enhancement of coat protein fluorescence was quantified by first subtracting fluorescence of GroEL and correcting for light scattering and inner filter effect as described above. In the first titration the concentration of coat protein was held constant and the GroEL concentration was varied. However, because in vivo coat protein is the ligand, the experiment was repeated with the GroEL concentration held constant at 0.1 M and the concentration of coat protein varied from 0 to 0.2 M. Because the coat protein binding to GroEL showed positive cooperativity in the second titration, the data were analyzed with the Hill equation, log F/F max ϭ n log[coat protein] Ϫ log K d (Freidfelder 1982) .
RESULTS
GroEL binds a wide variety of protein substrates (Fenton and Horwich 1997) . Here we have investigated the interaction of GroEL with coat protein of phage P22. Coat protein provides a unique opportunity to investigate how GroEL binds to substrate polypeptides because single amino acid substitutions lead coat protein to become substrates for GroEL (Gordon et al 1994; Nakonechny and Teschke 1998) . Thus, we have compared the binding by GroEL of WT coat protein, which is not a substrate for GroEL in vivo, to tsf mutant coat proteins.
WT and tsf coat proteins form complexes with GroEL
To demonstrate that coat protein can form complexes with GroEL in vitro, WT and tsf mutant coat proteins were refolded from the urea-denatured state by rapid dilution either with buffer alone or with buffer that contained GroEL. The protein solutions were sedimented through 5-20% sucrose gradients, fractionated, and analyzed by SDS-PAGE. The coat proteins folded with buffer alone remained at the top of the sucrose gradient in fractions 1-4 (Fig 1) . GroEL sedimented further down the gradient, in fractions 6-9 (data not shown). When the WT and tsf coat proteins were refolded in the presence of a 1:1 molar ratio of GroEL 14-mer and sedimented through a sucrose gradient, there was little refolded coat protein remaining at the top of the gradient; rather the coat protein appeared in the same fractions as GroEL. Thus, most of the coat protein was associated with GroEL. These results indicated that a 1:1 molar ratio of GroEL 14-mer to coat protein monomer was sufficient to bind WT and tsf coat proteins.
Conformation of WT and tsf coat proteins complexed with GroEL probed by fluorescence
Fluorescence emission spectra of WT and tsf coat proteins bound to GroEL were compared to determine if there were changes in the environment of the 6 coat protein tryptophans (Eppler et al 1991) . GroEL has no tryptophans to interfere in the analysis of the emission spectra of the coat protein:GroEL complexes (Hemmingsen et al 1988) . WT coat protein in a complex with GroEL had significantly lower intensity as compared to the binary complex of each of the 3 tsf coat proteins (Fig 2) . Consistent with our data, Galisteo et al (1995) reported that the refolded tsf mutants showed an increase in fluorescence intensity compared to refolded WT coat protein. They suggested that the tryptophans of WT coat protein were quenched in the folded state and therefore a change in the conformation of the folded tsf coat protein relieved this quenching (Galisteo et al 1995) . In addition, the emission maximum of each mutant in the binary complex was shifted to longer wavelengths as compared to the binary complex of WT coat protein (Table 1) . A red shift in fluorescence is generally due to an increase in the solvent exposure of tryptophans (Lakowicz 1983) . The tsf coat protein mutants when folded alone in buffer also show a red shift in tryptophan fluorescence as compared to WT coat protein (Teschke 1999) . These results suggest that the tryptophans of the tsf coat proteins remained more exposed to solvent than WT coat protein when bound by GroEL.
To confirm that the tryptophans of the tsf coat protein were indeed more solvent exposed than those of WT coat Fluorescence emission spectra of coat protein:GroEL binary complexes. The fluorescence spectra were taken 45 minutes after dilution of the unfolded coat proteins with buffer that contained enough GroEL 14-mer for a 1:1 molar ratio with coat protein. protein within the central cavity of GroEL, collisional quenching with acrylamide was used. Fluorescence of the coat protein:GroEL complexes was measured both before (F 0 ) and after (F) the addition of acrylamide (Fig 3; Table  2 ). Stern-Volmer plots provide an indication of solvent accessibility where a steep slope indicates that the tryptophans are exposed to the acrylamide, while a shallow slope indicates that the tryptophans are protected from the acrylamide (Lakowicz 1983) . The slope of the SternVolmer plot of the WT coat protein:GroEL complex was more shallow than each of the tsf coat protein:GroEL complexes. The tryptophans of G232D and F353L when in a complex with GroEL were substantially more solvent exposed than those of WT or A108V:GroEL complexes. Thus, these results were consistent with the results of the emission spectra and indicated that the tsf mutant coat proteins were bound in a different manner to GroEL than WT coat protein.
Proteolysis of coat protein within the central cavity of GroEL
We wanted to examine the conformation of WT and tsf coat proteins within the central cavity of GroEL using a method other than fluorescence, thereby allowing an in- dependent measure of any changes observed. Thus, the conformation of WT and tsf coat proteins in a complex with GroEL was probed with chymotrypsin attached to agarose beads. Chymotrypsin was chosen for this experiment because it is a fairly nonspecific protease and can be used as a general probe for regions of coat protein that are protease accessible. Chymotrypsin attached to agarose beads was used in this experiment because coat protein is rather sensitive to protease digestion and proteases attached to beads have lower activity than free proteases (Teschke 1999) . In addition, a recent crystal structure of GroEL with bound substrate peptides showed that the peptide binding site is at the top of the central cavity of GroEL, not deep within the cavity, indicating that substrate polypeptides would be accessible to protease attached to beads (Chen and Sigler 1999) . Following proteolysis for fixed periods of time, the remaining fulllength coat protein was quantified, and the results were plotted against the time of proteolysis (Fig 4) . WT coat protein in the binary complex with GroEL was most resistant to proteolysis with 60% full-length coat protein remaining after digestion with chymotrypsin for about 5 minutes. Conversely, the tsf mutants were substantially more sensitive to digestion by chymotrypsin. Full-length F353L within the central cavity of GroEL was nearly completely digested by around 5 minutes. The patterns of peptides generated by the proteolysis of WT and each tsf mutant were compared to determine if the proteins were bound differently by GroEL. Few differences were detected in the peptide patterns generated by proteolysis of WT and tsf coat proteins in a binary complex with GroEL (data not shown). In addition, the peptide patterns for the digestion of the folded WT and tsf coat proteins alone were similar to those generated when the binary complexes were digested, indicating that the same sites are accessible to protease when the coat proteins are bound to GroEL and when folded alone in buffer. Coat protein is cleaved near its center when digested with chymotrypsin (Lanman et al 1999) . Those large peptides are then further digested by the protease. These results indicated that for each protein the regions that were accessible to the protease were similar, but that the mutant coat proteins were less tightly folded within the central cavity of GroEL than WT coat protein. The digested binary complexes were run through 5-20% sucrose gradients to determine if all of the peptides stayed tightly bound by GroEL. We found that all of the peptides generated from digestion with the protease remained in a complex with GroEL, regardless of whether the binary complex was formed with WT or tsf coat proteins. Thus, we can con- clude that all regions of coat protein can interact with GroEL.
Binding affinities and stoichiometry of coat protein: GroEL complexes
To determine the minimum number of coat proteins bound to GroEL and their binding affinities, titrations varying either the concentration of coat protein or GroEL were carried out, and the change in fluorescence intensity was measured. Irrespective of whether the concentration of GroEL or coat protein was held constant in the titration, the maximum fluorescence change occurred when the molar ratio of coat protein:GroEL 14-mer was approximately 1:1. Binding of the coat proteins to GroEL was done 2 ways: either the coat protein concentration was held constant and the amount of GroEL 14-mer was varied or the concentration of GroEL was held constant while the concentration of coat protein was varied (Fig 5) . The increase in fluorescence intensity that occurred when coat protein was bound by GroEL when plotted against the GroEL concentration gave the hyperbolic binding isotherm expected (Fig 5a) . However, when the GroEL concentration was held constant and the concentration of coat protein was varied, a sigmoidal relationship in the binding isotherm was obtained (Fig 5b) . To determine the number of coat protein binding sites on GroEL and their dissociation constants from a sigmoidal curve, the data were analyzed utilizing a Hill plot (Freidfelder 1982) . From the double log transformation, the K d is determined from the antilog of the y-intercept while the minimum number of binding sites comes from the slope of the line. In each case, GroEL binds a minimum of 1 coat polypeptide, which agrees with the titration varying GroEL concentration (Table 3) . However, WT coat protein bound to GroEL with a dissociation constant higher than that of the tsf mutants (Table 3 ). The results from the Scatchard analysis of the titration where the concentration of coat protein was held constant and the concentration of GroEL varied were within the range of the Hill plot analysis (data not shown). The increased binding affinities of the tsf coat proteins for GroEL correlates well with the requirement for GroEL in vivo to fold the mutants properly and prevent aggregation.
DISCUSSION
Here we have investigated the conformation of WT coat protein and mutants of coat protein that require GroEL for proper folding at high temperatures, known as tsf mutants, when bound in the central cavity of GroEL. Because the tsf mutants do not fold substantially more slowly that WT coat protein in vitro (C.M.T., unpublished data), it seemed unlikely that the rate of folding was the determining factor by which coat protein was bound by GroEL. Thus, we thought that the conformation of the coat protein folding intermediates might instead be a deciding factor.
GroEL binds coat protein as a late folding intermediate
In vitro, Teschke (1999) showed that the tryptophans of the refolded tsf mutants are more solvent exposed than those of WT coat protein. The tsf coat proteins were found to be more susceptible to proteolysis and bind the hydrophobic dye, bisANS, more tightly than the refolded WT coat protein. In addition, changes in the circular dichroism spectra indicated changes in the secondary structures. Although the tsf mutants had these alterations in conformation, the refolded tsf coat proteins are assembly competent when refolded at low temperatures, albeit with assembly kinetics slower than that of WT coat protein. However, the tsf coat proteins were aggregation prone when folded at high temperatures. Even when refolded at low temperatures and shifted to high temperatures, the tsf coat proteins aggregated. Thus, the tsf mutants are conformationally different than refolded WT coat protein that was aggregation resistant at all tested temperatures. Therefore, we tested whether the tsf coat proteins would display similar alterations in conformation when in binary complexes with GroEL. If similar conformational differences were observed when WT and tsf coat proteins were bound by GroEL, this would suggest that GroEL bound the coat proteins in a conformation resembling a late folding intermediate. If all the proteins were bound in a similar conformation, then the coat proteins were likely to be bound early in their folding, before conformational differences would be established.
When we investigated the conformation of WT and tsf coat proteins bound by GroEL, we observed differences in the bound conformation. The tryptophans of the tsf coat proteins were more solvent exposed than those of WT coat protein. Additionally, the tsf coat proteins were less protease resistant than WT coat protein when bound by GroEL. These results were similar to the differences that we observed when WT and the tsf coat proteins were folded in vitro in the absence of GroEL. Thus, it seems likely that coat protein is bound by GroEL as a late folding intermediate whose conformation is similar to that of the folded species. The binding of late folding intermediates by GroEL has been observed for several proteins and may therefore represent a common mode of binding of substrate polypeptides (Martin et al 1991; Hayer-Hartl et al 1994; Katsumata et al 1996; Goldberg et al 1997) .
The nature of the interaction of coat protein with GroEL
The tsf amino acid substitutions lead to increased affinities of binding by GroEL as compared to the binding of WT coat protein, which suggests that the tsf mutants preferentially bind to GroEL, perhaps to avoid aggregation. This is consistent with previous studies that also showed that single amino acid substitutions changed the strength of the interaction of the substrate polypeptide with GroEL (Itzhaki et al 1995; Zahn et al 1996) . The significance of hydrophobic interactions for polypeptide binding by GroEL has been an area of great interest (Landry and Gierasch 1991; Landry et al 1992; Dessauer and Bartlett 1994; Fenton et al 1994; de Crouy-Chanel et al 1995; Lin et al 1995) . Itzhaki et al (1995) carried out an extensive survey characterizing the interaction of WT and 32 representative single amino acid substitutions in barley chymotrypsin inhibitor 2 and GroEL and found that the binding of a substrate polypeptide to GroEL was favored by increased hydrophobicity or by the addition of positively charged side chains, while negatively charged substitutions impeded binding. However, the results with the coat protein mutants used here would disagree with the conclusions of Itzhaki et al (1995) . All of the tsf coat proteins showed an increase in the affinity of binding by GroEL; however, only 1 of the mutants, A108V, had a substitution that would increase the hydrophobicity of coat protein. The other 2 mutants, F353L and G232D, have substitutions that decrease the hydrophobicity of coat protein. However, hydrophobic interactions are likely to be important in binding of coat protein by GroEL because the mutant coat proteins have more exposed hydrophobic surface area (Teschke 1999) . Recently, it has been suggested that GroEL binds to exposed hydrophobic surfaces on aggregation-prone folding intermediates and not to a specific amino acid sequence (Clark et al 1996; Goldberg et al 1997) .
Affinity of binding of WT and tsf coat proteins by GroEL
The shape of the binding isotherm when the concentration of GroEL was held constant and the concentration of coat protein was varied showed an intriguing sigmoidal shape, indicative of positive cooperativity. Coat protein was likely responsible for the sigmoidal curve because the titration of coat protein with varying levels of GroEL was not similarly sigmoidal. The sigmoidal relationship was not a result of the binding of multiple coat proteins to GroEL because the change in the fluorescence of the WT and tsf coat proteins complexed to GroEL reached a plateau at a 1:1 molar ratio.
We would propose that the sigmoidal shape of the binding isotherm is due to the presence of 2 intermediates in the folding of coat protein, [I] and [I*]. The intermediate [I] is normally present in the folding of coat protein (Fig 6) . The intermediate [I*], on the other hand, is
